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ABSTRACT. This paper analyses industrial PVC sheets structural integrity —
assessment widely used for different ranges of industrial applications. We |
investigated combined approaches focused on fracture toughness assessment
to predict PVC mechanical behavior against failure. We ran a series of tests
on tensile and single-edge notched samples at various crosshead speeds on a
tensile test machine. PVC sheets' stress intensity factors were evaluated using
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both theoretical and experimental approaches to model crack growth. In the
experimental procedure, we used the digital image correlation (DIC) method.
We also developed a semi-empirical model to predict crack length over time.
Furthermore, we proposed that the crack growth rate and stress intensity
factor were satisfactorily correlated at all crosshead speeds and that the crack
growth rate could be represented using a power-law model. In pre-cracked
PVC specimens, the results showed that crack growth appears to be
influenced by crosshead speed.
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INTRODUCTION

ue to cracks or crack-like flaws in most engineering structures and components produced during the
manufacturing process or developed at the initial stage of its service life, fracture mechanics, a branch of mechanics
concerned with crack propagation in materials, has advanced. Linear elastic fracture mechanics (LEFM) is a
technique for determining the conditions under which a crack grows by determining the cracked part's linear elastic stress

(1]-
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Many authors have highlighted the importance of failure studies so that future designs can be adapted to anticipate and
prevent similar failures[2,3].

However, it affords the required descriptive and analytical basis to identify crack growth rates and their implementation in
concrete engineering issues [4—8].

The formation of geometric discontinuities such as cracks makes thermoplastic materials susceptible to premature failure
depending on service conditions. The detection of these defects is complex, and their growth may result in catastrophic
accidents. As a result, monitoring and maintenance are critical for maintaining high integrity, reliability, plant efficiency, and
sophisticated maintenance concept adjustments based on experimental research.

Over the last decade, the use of plastic in piping and building construction has soared. Window, exterior cladding, patio
doors, architraves, and ranch fencing are examples of these applications. Polyvinyl Chloride (PVC) is the most popular
material; it was first used in manufacturing before World War II and has been a significant contributor to the plastics
industry. PVC production was first registered in 1835 by Regnault and was patented in 1912 by German chemist August
Wilhelm von Hofmann. From 1986 to today, rigid PVC extrusion has dominated [9,10].

On the other hand, over the last century, the number of studies on PVC has increased considerably, based on PVC
microstructure and mechanical characterization [11-16] as well as the study of fracture and fatigue involving life prediction
[17-21]; furthermore, crack growth behavior has been at the heart of the understanding of PVC behavior|[22-24].

The value of developing a model to explain the crack growth rate has been demonstrated in numerous studies of fatigue
crack growth damage[25]. Through Paris and Erdogan [26] which postulated that the rate of crack growth is controlled
primarily by the change in the stress intensity factor, the Paris law was proposed as following:
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Nevertheless, few authors have drawn on any systematic research into fracture crack growth as a crosshead speed function
[27-30]. As a result, developing a general model for fracturing and describing the crack growth rate is challenging.

As a result, in this study, we propose an empirical model based on a simple power-law [31,32] to address the following
fundamental questions: Does it matter if a crack was detected during an inspection? What is the estimated duration of this
crack's existencer What is the maximum crack size that can be tolerated? What ate the characteristics of PVC crack
propagation at vatious crosshead speeds?

The most commonly used technique for determining crack length is digital image cortelation (DIC) [33-35], which is a low-
cost and simple technique. Sutton and Chu proposed DIC [36—38], a non-contact optical method for measuring kinematic
fields, in the 1980s. This technique allows for the measurement of displacement and deformation fields at all points on the
surface of the work-piece, on the principle of comparing two images taken at different loading stages, one referred to as a
reference and the other as the deformed state [39,40].

This paper aims to assess and model the crack growth behavior of PVC. Single edge notched tensile (SENT) specimens are
made from industrial PVC sheets and classified into three groups. All specimens have been pre-cracked artificially. The
effect of test conditions, precisely crosshead speed (5,10, 100mm/min), on PVC and crack growth rate, mechanical
properties are investigated under static tests throughout this study. The LEFM theory can be used to calculate the critical
stress intensity factor of rigid PVC (Klc). The Ncorr program is used to evaluate the crack length using the DIC method.
An empirical model between crack length and life fraction has been suggested, and a model has been proposed using a
simple power-law assuming an intrinsic parameter of the PVC after an in-depth study of crack growth behavior. Finally, an
optical microscopy is used for morphological examination of damaged zones of fractured SENT specimens.

EXPERIMENTAL AND METHODS

Preparation of tensile specimens

olyvinyl chloride (PVC), a synthetic resin made by polymerizing vinyl chloride, was used in this work. It is made
P from two different starting materials: 57% salt (NaCl) and 43% hydrocarbon feedstocks.

In accordance with ASTM D638 standard, the Single Edge Notched Tensile specimens were made from
compression-molded plates, laser-cut, and then mechanically pre-cracked with a razor blade, with dimensions of
150x19x3mm3 Fig. 1 Uniaxial tensile tests wete performed with three crosshead speeds of 5 mm/min, 10 mm/min, and
100 mm/min using a tensile test machine, MTS Fig. 2, with the technical characteristics desctibed in Tab. 1. A total of 15
specimens were produced and divided into three subgroups of five specimens each, using simple random sampling:
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Group I - at crosshead speed of 5 mm/min;
- Group II - at crosshead speed of 10 mm/min;
- Group III - at crosshead speed of 100 mm/min.

Figure 1: Dimensions of PVC beams.

MTS
Capacity 50KN
Accuracy of displacement Class £0.5%
Maximum test speed 1020mm/min
Minimum test speed 0.005mm/min
Resolution position control 0.00006mm

Table 1: Technical characteristics of the tensile test machine.

© d.1) d.2)

Figure 2: (a)Tensile testing system; (b) DIC system; (b.1) LED Light source; (c)MTS testing machine; (d.1) dumbbell specimen before
deformation; (d.2) dumbbell specimen after rupture.
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Furthermore, random patterns wete painted on each SENT's face with black paint to create the speckle pattern, which was
differentiated from discontinuous displacement fields using the DIC technique. The digital images were captured using an
IDS camera UI-3880CP Fig.2, whose specifications are described in Tab. 2. In order to ensure that the conditions for taking
pictures during the experiments were consistent for the cameras, the experimental field was lighted by bar light essential 15
blue LEDS +/- 25° with polarizer Fig.2. They constituted the patt of the measuring equipment in the DIC method. The
light was chosen and supplied by the manufacturer of the camera in such a way that a uniform intensity over the entire
lighted surface of the specimen was reached. Fig. 3 depicts a block diagram of the measurement process. And also, to further
understand the effect of crosshead speed on the fracture mechanical response, the surface of the fractured SENT specimens
was examined using an optical microscope (Fig. 4).

1IDS
Full resolution 3088 x 2076 Pixel
Optical surface 7.410 mm x 4.980 mm
Pixel size 2.4 um
Pixel frequency range 20 MHz - 474 MHz

Table 2: Technical characteristics of the IDS camera UI-3880CP.

. ‘ Determination of
H;::?l]ilrl;gw?ti f:lrl)es displacement and
artificial Liohtin stramn fields at crack
ghtng tip

Play and start the
camera

[dentification of crack]|

g length
7z
start the tensile test
Convert video to
images
Figure 3: The block diagram of the proposed measuring method. Figure 4: Optical microscope.

Figure 5: (a) Drawing of ROI; (b) ROI preview.
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DIGITAL IMAGE CORRELATION

DIC method divides the reference image into small subsections, referred to as subsets, and defines their
corresponding positions in the current image.
Modern algorithms proposed in the literature [41—45] are used to develop open-source software based on a 2D subset in
this context (Ncorr) [46—48].

D 1C aims to evaluate the displacement field within a "Region Of Interest" (ROI) for a deformed sample Fig. 5. The

Identification of crack length

During the experiment, a precise measurement of the crack length is needed to assess the crack growth rate. We used the
Ncorr software to investigate the crack length in our samples.

The algorithm used to locate the crack tip in the SENT test samples assumes that the stress at this position reaches its peak
once the crack tip zone gives way. Thus, the crack tip location is determined by calculating the maximum axial strain Eyy
values in the loading direction y.

To better understand how to evaluate discontinuous displacement fields in Ncorr, we first developed the ROI for the
running image rather than the reference image, ran DIC, and then converted the Eulerian to the Lagrangian algorithm with
subset truncation in Ncort to acquire data in a diameter subset closer to the crack tip area.

Ncorr makes use of Green-Lagrangian strains, which are generated using the following three displacement gradients:

1 Ou On,  Ov,
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vo2 (@y Ox Ox0Oy OxOy ®
1, 0n On Ov
E,=—Q+(Z) " +(Z)) S
279 o
Stress intensity factor

The establishment of experimental data and the determination of the stress field and corresponding deformations enable a
decision to be made on the kinetics of defect propagation and their critical size, beyond which the unstable break will be
triggered for a given stress. According to Irwin [49—51], determining the stress intensity factors KI, KII, and KIII in mode
I, II, or III characterize the stress field's entire spatial singularity is the key to solving a crack problem.

Consider a crack with a straight edge, such as a planar crack. This holds for a discontinuity of zero natural stresses and
discontinuous displacement on both sides of the crack's lips.

The most studied mode is the opening mode, which is considered the most dangerous. The stress and displacement fields
in mode I are given as follows according to the classical theory of elasticity:

Stress

o, = cosg(l—singsin%) (5)

o, = cosg(l + singsin%) 6)

3
o= cos—(sin—sin— 7
' 2( s ) O]
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o.=v(o.+0,) For plane strain ®)
o, =0 For plane stress 9
Displacement
K 0 0
u, ==L | cos=(x—1+ 2sin> =) (10)
2uN2r 2 2
K 0 0
u, ==L |[Z=sinZ(k +1-2cos>2) (11)
S 2u\N2xm 2 2
K=3-4v Plane strain (12)
3-v
K= Plane stress (13)
1-v

The stress intensity factor is a function of both loading and geometry to describe the stress distribution at the crack edge,
as shown by relations 5, 6, 7. The form of stresses at the crack tip are known to exhibit a characteristic inverse square-root
dependence on r when using polar coordinates 0, r, with the origin at the crack tip; in general, we note:

0y = I 0 14

The empirical formulas for the stress intensity factor for the (SENT) [52] give specimen:

a
w

K, :amf( ] (15

a . . . . . .
I (—) is a cotrection factor that is determined by the structure's geometry. In our case, this factor is expressed by:

w
a a a : a ’ a ¢
f(—j=1.12—0.231(—)+10.55(—) —21.72(—) +30.39(—) (16)
w w w w »
RESULTS

Crosshead speed effect on crack propagation

series of uniaxial tensile tests on SENT specimens at various crosshead speeds at room temperature are used to
A assess crack propagation behavior Fig. 6. Tab. 3 summarizes the mechanical properties. Crosshead speed has also

affected toughness. As previously stated, three zones were created by dividing the curves. The conduct is initially
linear at small strains, defining the elastic zone; however, as yield stress is reached, the material starts to plasticize, causing
the notch to reopen. When the crosshead speed is increased, however, this value goes down. The presence of plastic
deformation corresponds to the second zone. The material is softened until it reaches the minimum stress level needed for
necking. Deformation continues to increase until crack propagation occurs. Even though increased crosshead speed reduces
ductility, tensile strength values tend to increase. Finally, the deformation becomes macroscopically homogeneous in the
third zone, and the material hardens with a higher slope before the specimen breaks. At 5mm/min crosshead speed, the
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failure's strain is 40% higher than at 100mm/min. It is worth mentioning that the PVC behaves similatly at 5mm/min and
10mm/min, presumably because the crosshead speeds are so close [28]. Therefore, it can be summatized that the strain rate
is a factor that controls and affects the behavior of amorphous polymers. According to the strain rate, PVC behaves in a
ductile or brittle way.

T T
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20 {——10mm/min “ -
100mm/min ' N
| m Ultimate strengt| p
v Fracture o
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o
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00 " o5 1,0 1,5 2,0
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Figure 6: True stress-true strain relationships.
Mechanical characteristics 5mm/min 10mm/min 100mm/min
Yield stress (MPa) 17.27 16.03 14.7
Ultimate strength (MPa) 19.09 19.4 20.08
Rupture Elongation % 1.79 1.9 1.35

Table 3: Mechanical characteristics of PVC at different crosshead speeds

Crack length

The crack initiation and growth in PVC was caused by localized plastic deformation followed by the initiation and
coalescence of microscopic voids, which will eventually break down over the formation and subsequent collapse of a crack
zone in front of the crack edge.

To monitor the crack's progression. An IDS camera is used to obsetve the speckled samples, which is focused on the notch
tips' vicinity and has a physical size of 2,4 m for each pixel. The numerical data is analyzed using the Ncorr software in Fig,
7 using a DIC technique.

After providing the crack length for all of the examined pictures at a given crosshead speed, the crack length with life
fraction can be plotted in Fig. 8 to investigate the critical value of these last two.

From the graph above, we can see that the crack initially spreads in a stationary way with a linear shape between 0.15 and
0.2 of the width until it is parabolic as the crack length exceeds 0.2 of the width and until it reaches 0.5. After a short time,
the crack growth accelerates and becomes uncontrollable, eventually leading to failure.

Normalizing data

Since the data from the three experiments in Fig. 8 does not show how crosshead speed affects crack propagation over the
material's lifetime, we recommend that all numeric column values be normalized to standard scale values between 0 and 1.
The data plot on a single curve when normalized by specimen width w and time to failure at 5mm/min crosshead speed T,
as shown in Fig. 9.

Critical crack length
The critical crack length describes the transition from a stable to an unstable crack growth regime, leading to a catastrophic
fracture.
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Time Crack length
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Figure 8: crack length as a function of time.

Using data from experiments, we can graphically determine the critical value of crack length and life fraction by finding the
coordinates of the tangents' point of intersection with the curves. In Fig. 9, the critical life fraction is represented by the
horizontal axis, while the vertical axis represents the critical crack length.
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Critical crack lengths achieved are nearly constant and equal to 0.2 of the sample widths. On the other hand, the sample
rapidly hits this critical value as the crosshead speed is increased, explaining the critical life fraction variance. For crosshead
speeds of 100mm/min and 5mm/min, the life fraction is 31% and 42%, respectively; thus, the matetial at 5mm/min
crosshead speed lives 35% longer than at 100mm/min.

1,0 T T T T T T T T T 1,0 T T T T T T T T
—a— 5mm/min | —= 5mm/min
—8— 10mm/min
0,8 - = 4 0,8 4 —*—100mm/min
[ |

— | /

Ve

0,4 / 1 04-
0,2 _?S_I‘_;___g ______ __“_i_/_?‘é; :::: i 0,2 %------—--—— -

alw

alw

LT 0,0 —
0,0 T T T TT T T T T T t1 00 N S
0,0 0,2 04 0,6 0,8 1,0 0,0 0,270 10cQ, 4% 0,6 0,8 1,0
Life fraction /T Life fraction t/T
@ (b)

Figure 9: normalized crack length as a function of life fraction (a) at 5mm/min (b) all crosshead speed.

Stress intensity factor.
The critical stress intensity factor Klc at which crack propagation accelerates and becomes uncontrollable is fracture

toughness.

To extract the critical value Klc, SIF was plotted in the crack length function using empirical Eqn. 12, Fig. 10. The Klc is
the same and equals 2.6, meaning that the crosshead speed does not affect the material’s toughness. We notice that the PVC
acts similatly at 5mm/min and 10mm/min, likely due to the near proximity of the crosshead speeds.

20 : : : : : : : :

—a— 5mm/min
18 —o— 10mm/min N

1 —&—100mm/min
16 -

alw
Figure 10: SIF as a function of normalized crack length.
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Empirical model

Empirical models play an important role in ensuring the order and understanding of complex interrelationships between
variables. By removing measurement errors, they enhance the ability to develop hypotheses and explain behaviors based on
measured results.

We used a model fit that was consistent with our results to investigate the crack propagation velocity. Fig. 11 shows the
evolution of crack length over time for each crosshead speed, demonstrating an exponential increase that can be expressed
using an exponential function Eqn. 19. A good fitting with a cortelation factor (R2>0.9) was obtained for all curves. Tab. 4
Contains the parameters o, 8, and R2 of the following equation:

13
Aa=a(” -1) 19)
18 T T T T T T T 18 T T T T T T T T
—a—5mm/min —eo— 10mm/min 1
16 | Fit 1 164 ——Fit . b
14 - 1 144 4
12 4 B 12 4 4
1]
]
— 10 1 10 §
© C 4
< g 1< ¢ /- 1
. J
6 - E 6 ./ i
44 - 4 4
]
24 E 2 /./ i
o
=
0 T T T T T T T T T T 0 T T T T T T T T T T
0,0 0,2 04 0,6 0,8 1,0 0,0 0,2 0,4 0,6 0,8 1,0
Life fraction /T Life fraction t/T
18 T T T T T T T T T T 18 T T T T T T T T T T
—A—100mm/min —=—5mm/min
16 - Fit J 16 4 —e—10mm/min o m B
—A—100mm/min
14 4 1 144 —Fit i
12 41 127 7
—~ 10 4 =10+ 7
o s
< g 19 4 ]
6 - 4 6 4
4 4 4 4
2 . 2 .
0 T T T T T T T T T T 0 N T T T T T T
0,0 0,2 0,4 0,6 0,8 1,0 0,0 0,2 0,4 0,6 0,8 1,0
Life fraction /T Life fraction t/T

Figure 11: Model Crack length as a function of life fraction.

Crosshead speed (mm/min) o 8 R2
5 0.29 6.09 0.99

10 0.37 3.01 0.96

100 0.97 2.92 0.98

Table 4: Parameters of the exponential model.
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As seen in the table above, crosshead speed affects the parameters « and $, with o increasing and 3 decreasing as crosshead
speed increases.

Crack growth rate

The crack velocity is determined using the model of crack length over time, and the SIF for a particular crack length is
calculated and plotted as a function of the crack velocity as shown in Fig. 12.a. Following a closer study of the graphs, it
was discovered that the crack growth model could be divided into three distinct stages: initiation, propagation, and failure.
A stationary crack tip forms when the specimen acts in a linear elastic way in the early stages. Then comes the second phase.
The crack front grows, and when the SIF exceeds the critical value, the crack begins to grow. The crack tip in this area
progresses slowly at first, then lifts off. At the end of the process, the propagation becomes uncontrollable, resulting in
fracture.

Furthermore, we developed a model based on experiment results, fitting the curves using Power Law Eqn. 20, with a good
correlation factor (R2>0.97), which matches a linear behavior on log-log plot Fig. 12.b. with a slope of mf=0.5, which
charactetizes the Power law's exponent. The parameters Cf, mf, and R2 are mentioned in Tab. 4.

da ",
—=C,(AK,)" 20
PRRCIN)) (20)
with
AK, =K, - K,
T T T T T T T T T | T T T
—&— 5Smm/mn 1 = 5mm/mn
51 —e—10mmimn ] e 10mm/mn A
&—100mm/mn 100mm/mn
o —F | —Fit s "
Q -
S 51 i
E* |
5 g
T 2 . -
©
1 i
0.1 _
0 T T T T T T T T T T 0|1 4 T 1|0
0 5 10 15 2 20 25 J log(AKI)
AKI(MPa.m")
@) (b)
Figure 12: (a). Power plot of crack growth rate; (b) logarithmic crack growth rate.
Crosshead speed (mm/min) Cf mf R2
5 0.70 0.44 0.97
10 0.73 0.51 0.98
100 1.01 0.50 0.99

Table 5: Parameters of the power law model.

As shown in the table, crosshead speed affects the parameter Cf, which increased as crosshead speed increased. The
exponent mf in the power law, on the other hand, is the same and equal to 0.5, meaning that the crosshead speed does not
influence this parameter. This combination of findings provides some support for the conceptual premise that the exponent
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mf is an intrinsic parameter of the PVC, and Cf a coefficient that describes the strain rate sensitivity, then Cf is a measure
of the crack growth rate with a greater value indicating a quicker crack growth rate.

Front view
At 5mm/min At 100mm/min

Figure 13: Fracture surfaces of PVC tensile test specimen (x4)
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Optical microscopy

On a microscopic scale, the ductile failure of plastics is distinguished by a stretching of the material due to the fibrillar nature
of polymers in reaction to stress. Microvoid coalescence results in ductile fracture evolution, which develops typical
signatures and fracture surface patterns [53—57]. The Fig. 13 illustrates that the PVC has undergone ductile failure due to
the presence of an inhomogeneous dimpled surface. When the crosshead speed is increased, however, the size of dimples
and the voids becomes smaller and producing an assigned distribution of cavities with a very smooth surface texture.

CONCLUSION

VC specimens with single-edged notches were used to investigate the effect of crosshead speed. The following are

the key conclusions reached as a result of the studies conducted out during this research:

The strain rate affects the PVC behavior and the failure can be divided into two modes in crosshead speed effect
tests: brittle failure at higher crosshead speeds and ductile failure at lower crosshead speeds since that, at high speed, the
macromolecular chains do not have enough time to reorient themselves within the crazes causing the brittle failure.

On one hand, an exponential model is proposed to explain the crack length evolution over time based on experimental
results and the DIC method, which explain the behavior of the crack propagation that spreads stationary then accelerates
exponentially thus causes a sudden rupture of the sample. Further, the critical crack length is approximately constant and
equal to 0.2 of the sample width at all crosshead speeds, nevertheless the sample quickly exceeds this critical value as the
crosshead speed is increased, showing that crosshead speed has effect on life fraction of the material.

The critical stress intensity factor Klc remains constant at 2.6, indicating that crosshead speed has no impact on material
toughness.

The crack growth rate (da/dt) and stress intensity factor correlated satisfactorily at all crosshead speeds. Therefore, to
understand the behavior of the material under a power-law model was submitted to represent the crack growth rate. The
prefactor parameter Cf, which increased as crosshead speed increased, is influenced by crosshead speed variance; however,
the exponent mf is always equal to 0.5 and hence independent of the strain rate. As a consequence, the material's exponent
mf may be thought to be an intrinsic parameter and Cf a coefficient that reflects the strain rate sensitivity.

On a microscopic scale, it has been shown that under the influence of strain rate, crazes are produced in rigid PVC, further
at higher crosshead speed and at relatively high stresses, crazing and crack fibrillation are more important.

NOMENCLATURE

a crack length

t time

o nominal stress

W width of the specimen

v Poisson’s ratio

f(a/w) a correction factor

1,0 polar coordinates

KI stress intensity factor

Klc critical stress intensity factor
KI0 stress intensity factor at the initial crack length
N cycle number

da/dN  fatigue crack growth rate

C paris constant

m paris exponent

AK stress intensity factor range
da/dt crack growth rate

Ct power law constant

mf power law exponent

ot true stress

et true strain

F applied load
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A actual area
L specimen length
eyy stress values in the loading direction
Aa variation of crack length
R? correlation factor
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